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SUMMARY
The use of heat conduction flame generated in a premixed supersonic
stream is discuosed. It'is shown that the flame is controlled initially
by heat conduction and then by chemical reaction. Such a flame is shorter
than the diffusion type of flame and therefore it requires a much shorter
burner. The mixing is obtained by injecting; the hydrogen in the inlet.
Then the inlet can be cooled by film cooling.
* The work reported herein was supported by the National Aeronautics and
Space Administration under Grant NGR -33-016-131
II t Director, Aerospace Laboratory and Astor Professor of Aerospace Sciences
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1. Introduction
One of the important problems to be solved for the development of hyper-
sonic vehicles flying in the dense atmosphere is related to the aerodynamic
heating. The use of advanced scramjet engine3 taking advantage of three-
dimensional design criteria and thermal compression has reduced substantially
the heating problems for the scramjet design (Rei. 1,2,3). Present designs
are based on diffusion type of flames where the heat release is controlled by
the rate of diffusion of hydrogen into air.
Heat conduction type of flames where the heat release is controlled by
the rate of heat conduction in a premixed mixture of fuel and oxidizer ,
have been analyzed in the past and have been recommended for low Hach number
low temperature air operation (Ref. 4-5).
Recently (Ref..6) NYU has investigated the problem of No x formation in
scramjets and has determined that heat conduction flames, if conveniently
utilized can permi'_ to reduce the NOx formation because of the possibility of
reducing the length of the flame, and therefore the residence time of the
combined products in the high temperature region (Ref. 6).
In this report the use of heat conduction flames in scramjets is proposed
as a means for improving the overall operation of the engine. It will be
shown here that the use of a premixed mixture ignited locally by the tempera-
ture rise due to heat conduction from the combustea region presents the
following advantages, a) it pr. .mits us to reduce substantially the flame
length and therefore the size of the combustor, b) it permits easily to'
control the region where heat is released by controlling the region where high
static temperature is reached. Such control permits avoiding thermal choking
at 1.^w Mach uumbern, and permits using tangential injection in all flights
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required. Presently this control is obtained by using a combination of normal
tl
injection at high Mach numbers and tangential injection at low Mach numbers
n
which penalizes the engine performances, c) it permits us to utilize the
hydrogen injection for external cooling of the inlet structure, d) it permits
rapid expansion downstream of the combustion region decreasing the residence
time and the formation of NOx . The data supporting these basic points are	 f
discussed in this report.
2. Comparison of Diffusion Flames and Heat CionducLion Flames
In a supersonic flame controlled by diffusion, the rate of heat release is
controlled by two different processes: the dLffusion of the fuel in the oxidizer
and the rate of the chemical process. For scramjet applications the chemical
processes are very rapid because of the local high temperature; therefore,
the parameters controlling the length of the combustion process is the diffusion
process. Diffusion depends on the turbulent characteristics of the flow and on
the distribution of gradients of concentration of species. Initially near the
injection region the concentration gradients are changing very rapidly because
the concentration of fuel goes from 100% to zero in a very short distance,
therefore diffusion is very rapid, however the gradients tend to decrease
downstream because the fuel concentration at the axis of the injector decreases
and the mixing region increases in size. For this reason the length required
to reach fairly uniform conditions is many times the size of the initial
dimension of the fuel stream. A typical temperature distribution in a diffusion
flame is shown in Fig. 1. Here the fl^ y in is two-dimensional and the combustion
is assumed to occur at constant pre	 ^, She flame occurs in a channel shaped
to produce constant pressure (the analysis neglects normal pressure gradients)
and the initial conditions are such that the average fuel to air ratio complete
mixing corresponds to a . fuel-air ratio of 0.7 stoichiometric value. The initial
2
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dimension of the channel is assumed to be V. Mixing and combustion takes
place gradually. At a distance of 12 feet downstream of the injection station
the flow properties are far from uniform and the combustion is not yet completed,
The di.stribution •of %20 / 0112 ) as a function of distance is shown in Fig. 2.
The ( I 	) 	 is the mass of hydrogen injected originally. Therefore the
2 j
quantity indicates the amount of fuel burned at each station as a percentage
of the total fuel injected. The ratio is approximately equal to one for
complete combustion. Figure 1 gives also some indication of the thermal
compression effect that could be obtained from the combustion. The area
variation is from 1 to 2 at the end of the combustion. The flame presented in
Fig. 1 corresponds to a free stream Mach number of 7.6, and the length of the
diffusion flame does not change drastically when the free stream Mach number
changes. However if the static temperature is very low the reaction time
becomes also important. Figure 2 gives some indication of the length required
for several Mach numbers. The shape of the wall gives some indication of the
progress of the combustion along the length. The mixing and combustion is
initially rapid; however, the mixing (and as a consequence the heat release)
deer@ases rapidly moving downstream for the injection station corresponding to
a more gradual variation of cross sectional area.
Consider now a flame initiated in a completely premixed stream. The
mixing takes place in the inlet and is moving from a region of low to higher
static temperature and pressure. The flame is initiated locally by a pilot.
The temperature of the mixture reached at the point where the flame is initiated
is lower than the temperature of detonation so that the mixture will not react
chemically for a long time unless the combustion is initiated locally. Such
conditions are typical of• flow in a snramjet for flight Mach numbers below 10.
The approximate range of the detonation limits and the relation between length
available before combustion in a high temperature region are ahown in Fig. 3.
3
4	
'!!
K
In the figure the ignition delay has been assumed to correspond to
3	 9600/T
TT D p B x 10 a	 (milliseconds). Three families of curves are presented
in this figure. For these family of curves it: is assumed that the flight dynamic
pressure is constant and equal to 1000 psf• . The first family of curves (family a)
gives the pressure tcmpt •rature rclalion in tho burner for three flight Mitch
numbers in practical engi.ncs. Thu aecrnd Lumil.y of curve:+ (£undly b) gives the
temperature and pressure in the burner for a fixed burner Mach number for
different flight Mach numbers. The conditions at different flight Mach numbers
are given by the crossing points of family a and b. The third family (family c)
gives the delay time available before auto-ignition takes place. Typical
lengths corresponding to the time before auto-ignition are shown in the figure.
In addition a line called auto-ignition line corresponding to a length of
approximately 3 feet is also shown in the figure. Points on the right of this
line are useful for combustion processes controlled by heat conduction.
The conduction controlled type of flame is initiated by a pilot. Several
n
types of pilots are available. The flame can be initiated by creating a 	 G
localized region of the flow having auto-ignition temperature, or creating a
region of low velocity and long residence time, (flame holders), or by initiat-
ing the combustion by a pilot flame of subsonic type. Such localized flames	 C
because of heat conduction from the burnt mixture in the adjacent unburnt
mixture increase locally and gradually the te. perature in the unburnt • mixture
of the streamline near the flame; therefore the combustion process propagates.
The main advantage of a premixed flame is that the 3i£fusion process controls
the region where the flame is located, and therefore the region «here heat
release occurs, however it does not control the rate of the heat release
process because as soon as the temperature increases locally to a value
corresponding to rapid reaction, then the reaction proceeds independently fro:n
4
fA
the heat conduction process and therefore is very rapid, while when the flame'
is diffusion controlled the diffusion process controls completely the rate of
heat release and therefore near the,,  and requires a long time to complete
combustion.
The isotherms of two heat conduction flames are shown in Figs, k and 5.
Both flames have been analyzed by means of a mixing program which neglects
normal pressure gradients and with the assumption that the pressure is constant
however any pressure gradients produced by the combustion process can be
cancelled by starting initially with a nonunifccm flow field. The analysis
assumes that the initial conditions are reached along the initial line by
means of a weak shock produced by the flame holder. The two sets of isotherms
show that the initial temperature has a strong influence on the position of
the zone where heat release occurs, however in both cases the combustion process
In very rapid. The difference between a diffusion controlled and heat conduction
controlled flame can be better explained by analyzing the time history of the
temperature along a streamline us s function of the initial teperature.
Consider a premixed stream having initially different temperatures varying
from 800° to 11000K. Then if the process is adiabatic, the variation of
temperature is as shosm in Fig. o. A small variation of local temperature
changes substantially the time for heat release. At a temperature of 800°R
no reaction takes place within a time of 5.20 x 10 -k seconds. The time
corresponds to a travel of 3.0 ft. However betweea 800
0
 and 900°,:the time
changes substantially. Then if the process is adiabatic, and heat transfer
takes place, the temperature rises and combustion takes place in short
distances.
G
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In an actual case combustion tends to produce pressure variations that
propagate through waves; however, such waves interact with waves produced by
regions which are
the boundar?	 Therefore in the/absent of combustion, the temperature
variation along each streamline is controlled both by the combustion waves
and by the waves generated at the boundary. Therefore the region where a
flame can start and how the flame propagates depends on the wall design. By
controlling the temperature distribution and pressure distribution, the flame
shape and length can be controlled. Then the length of tha ec,nbustion can be
controlled and in addition the location and shape of the flame can be selected
by selecting the appropriate aerodynamic design. For example in Fig. 7, a 	 1
.
variation of static pressure and temperature before combustion has been
assumed to exist along the axis. Then the flame becomes different than for 	 y
the case of constant pressure.
All these results are based on constant pressure mixing and can be somewhat
misleading because any static pressure rise tends to increase locally the
temperature amd (decrease the local flow speed). Therefore it could accelerate
the flame propagation. The problem where pressure wave_•produced by combustion
are considered is more complex to analyze. However the conditions do not-
change. The heat release in a streamtube tends to produce compression waves
followed downstream by expansion waves. Therefore the heat release in each
stream tube is equivalent from the point of vie%	 formation of waves to the
introduction of a solid cusp of finite thickness. Then if the equivalent
"cusp" distribution is placed along lines more inclined than the Mach waves,
the focusing cannot take place because the compression produced by the second
"cusp" is cancelled by the expansion produced by the first cusp (Fig. 8), and
the heat conduction process is such that the propagation of heat is much slower
than the wave propagation.
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Au aualysi.s of the Llcume with the method of viscous: eharacterintics is
shown in Fig. 9. Fig. 9al corresponds to the case when the local pressure
Increases due to the combustion process. The compression waves formed ahead
of the flame front tend to coalesce and form a detonation shock. For the-
present conditions a shock with a turning angle of approximately 30 0 is formed.
Fig. 9b1 shows the case of an expending wall. The expansion waves
1produced at the wall cancel the compressions produced by the combustion so as
to maintain the pressure nominally constant. The temperature profiL.s at
different stations are shown in Figs. 9a2 and 9b2 for the o.wo cases considered.
I
The flame front- is the locus of the inflection point in the temperature
	 1
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profiles. The flame front moves slower in the case of the curved wall than
the case with the straight wall. The static pressure profiles are shown in
'I
Figs. 9a3 and 9b3 for the two cases. The flare front coincides with the
pressure peak in the profiles. In the first case (straight- wall), the
reflected waves and combustion induced compression waves increase the local
static temperature and pressure. The flame front accelerates in these regions
to form the detonation wave.
This analysls confirms the description given above. The combustion
process depends on the initial conditions (temperature and pressure) on the
degree of mixing and on the maximum temperature reached after combustion,
because such temperature controls the amount of heat transmitted to the
unburnt mixture and therefore the time required to reach the combustion
temperature.
Figure 10 gives some indication of the sensitivity of the initial
conditions. In the figure several curves indicating the amount of heat
released in percentage of the total as a function of initial conditions.
The heat released is measured in terms of the percentage of hydrogen burnt
(given approximately by the mass of H 2 O (divided by 9) with respect to the
7
total hydrogen present). the initial conditions used in the figure for the
different Mach northers are typical of a good scranijet design. In addition,
for M
.
- 7.6 the conditions corresponding tee ohree initial temperatures are
shown. Small variation of initial temperature produces changes in the flame
length.
i
In the analysis of Fig. 11 it is assumed that the fuel—air mixture is
not unidorm and that the 11) varies from a value of 1.5 at the y A 0 to a
value 0.5 @ y ^ 0.125 ft. Then the heat release is more gradual, than for
the fully premixed flame shown in Fig. 12, therefore the required increase
of stream tube (thermal compression) occurs also more gradually. The
effect- of cG is shown in Figs. 13a, 13b, and 13c. There the flight Mach number
considered is 4.
3.	 Use of the Premixed rlimes
The analysis shown in the previous examples indicate that very short
flames can be produced, however, in order to avoid detonation some control
of l ate initial temperature is required. The analyses show also that by a
careful selection of the initial conditions the location of the heat released
in the burner can be modified. The reduction in flame length is significant
as can be seen from Fig. 14 where the diffusion and heat conduction flame
are compared.
The use of a premixed flame presents several other advantages beside
reducing the burner length. hydrogen can be used as coo'ant for the inlet
surface. A possible injection scheme is shown schematically in Figs. 15 and
16. Fuel is inject^u along the walls of the inlet, and at a few selected
stations before combustion. In addition, at low Mach numbers fuel can be
added at the pilots. At low Mach numbers pilot B is used to initiate the
8
flame, while at high Mach number pilot A is used. In addition t'ho fuel
distribution in the flow can be controlled. Then by changing the distri-
bution between the different injectors, the choking can be eliminated and
efficient combustion obtained in all ranges of Mach numbers. It must be
noted that the fuel stream produces an aerodynamic contraction that helps
starting the inlet at low Mach numbers. An additional possibility is made
available by the necessity of a pilot for starting the combustion.
When the flight Mach number decreases, the free stream stagnation tempera-
ture decreases. When this temperature is low the ignition delay becomes very
large and local ignition is rcqul;,t,l. The necessity of a pilot permits
combustion to be started at different points in the burner. An example of
this possibility is shown in Fig. 16. Here we can initiate combustion on one
side of the inlet and then we can locate a second pilot downstream on the
opposite surface. Then combustion can be proEuctd in both sides efficiently.
It must be noted that the premixed flame shape and location depends mainly on
the location of the pilot and on the inviseld flow field where the flame is
generated. The transport properties change the flame propagation only
slightly, however the changes are small. Then the difficulty related to the
necessity of an accurate knowledge of transport properties to design a burner
decreases substantially with respect to the diffusion flame.
9
i, Concludinn Remarks
The premixed flame characteristics appear to be attractive for some
,jet applications. Before such flames can be utilized, a detailed analysis of
the waves generated by combustion is required and experimental data on such
type of flames are required to check the analysis,
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